Three gilts fed a diet containing 100 mg fumonisin B 1 /kg for 7 days followed by a diet containing 190 mg/kg for 83 days developed nodular hyperplasia of the liver. These nodules of various diameters were composed of solid sheets or nests of hepatocytes. There were no discernible central veins or portal triads, and the perilobular connective tissue and adjacent parenchyma were compressed. Three other gilts maintained on the same diet for 27-80 days developed severe hepatopathies, but not nodular hyperplasia, necessitating euthanasia prior to conclusion of the feeding trial. At necropsy, 1 of the 6 gilts had grossly apparent hyperplastic plaques within the distal esophageal mucosa. On histopathologic examination, 6 of 6 gilts had mild to severe hyperkeratosis, parakeratosis, and formation of papillary downgrowths of the stratum basale of the distal esophageal mucosa. The hyperplastic nodules in the liver and the changes in the distal esophageal mucosa illustrate the unique chronic toxicity of this mycotoxin in pigs.
edema in swine. 5 Hepatotoxic effects in other than the to their surroundings for 1 wk while being fed a commercial pelleted swine ration. a They were then fed a formulated comprimary target organs have been demonstrated in these plete ration containing 100 mg FB 1 /kg for 10 days followed and other animal species exposed to fumonisin-con-by a ration containing 190 mg FB 1 /kg for 83 days. taminated diets. The fumonisins also represent a po-Preparation of fumonisin culture material. Cultures were tential risk to humans ingesting corn-based diets. Ep-grown in l-quart (0.96 liter) canning jars with the lids modidemiologic evidence has shown an association between ified to allow air exchange through 3 1/4-inch (6.4 mm) holes ingestion of fumonisin-contaminated corn-based diets and covered with autoclave tape. Whole shelled corn (100 and human esophageal cancer in South Africa. 18 Cul-g) and 100 ml distilled water were added to each jar, autoture material of F. moniliforme MRC 826, a fungal claved for 30 min, and allowed to cool to room temperature. strain isolated from a region of South Africa with a Fusarium moniliforme M-1325 b was added to sterile distilled high incidence of human esophageal cancer, was ad-water, and 2 ml of the suspension was added to the autoministered to a variety of animals; the main target claved jars and a sterilized glass fiber filter placed inside the screw-on lid. The autoclave tape was removed from the exorgans were different for each species. g Lesions identerior side of the lid. The jars were shaken and lids loosened tified in rats included hepatic cirrhosis and intraventricular cardiac thrombosis. When a diet containing 8% culture material was fed to rats, death from liver failure occurred within 100 days. 12 Lesions consisted of cirrhosis, nodular hyperplasia, and bile duct proliferation. Chronic exposure to 4% culture material (2% after 287 days) induced hepatocellular and ductular carcinomas, often concurrently. Effects on rats fed a diet spiked with 50 mg FB 1 /kg of feed for 26 months confirmed the hepatocarcinogenic and hepatotoxic nature of the pure compound. 2 The purpose of this experiment was to demonstrate the chronic toxicity of fumonisin-contaminated complete ration in weanling to allow for additional respiration. After 24 hr at 27 C in the dark, the jars were shaken again to insure complete dispersal of the fungal mycelia. The jars were incubated in the dark for a total of 5 wk at 27 C. At the end of this period, a 400ml mixture of acetone : chloroform (7525) was added to each culture and allowed to stand overnight. The contents of each jar were placed in a blender for 30 sec then vacuum filtered through a large buchner funnel containing filter paper. The solid culture residue was reextracted with acetone : chloroform (75:25), refiltered, and allowed to air dry overnight in the hood. The culture material was placed in a forced-air oven at 40 C for 48 hr, ground to a fine powder, and stored in plastic containers at -20 C.
Ration formulation. A complete ration was prepared from swine.
corn naturally contaminated with 90 mg FB 1 /kg and a vitamin and mineral premix with soybean meal added to adjust From the Veterinary Medical Diagnostic Laboratory (Casteel, Turk, protein to 18%. Culture material was blended with the ration Rottinghaus) and the Department of Veterinary Medicine and Sur-to formulate diets containing 100 and 190 mg FB 1 /kg. The gery (Cowart), College of Veterinary Medicine, University of Mis-complete ration was analyzed for FB, and fumonisin B 2 (FB 2 ) souri, Columbia, MO 65211.
to verify the concentration. 16 The concentration of FB 2 was Received for publication October 28, 1992. 25% (± 1%) that of the FB 1 . Additional analyses for aflatoxin, Table 1 . Serum biochemical measurements from pigs fed diets containing fumonisin B 1 at 100 mg/kg for 7 days followed by diets containing 190 mg/kg for the remainder of the experiment.
T-2 toxin, ochratoxin A, zearalenone, vomitoxin, citrinin, sterigmatocystin, fusarin C, and moniliformin were performed to certify the absence of other mycotoxins from the diet.
Measurements. Pigs were observed daily. Blood samples were collected and pigs were weighed on days 1, 7, 14, 27, 45, and 93. Baseline weight and serum biochemical parameters were recorded on the day pigs were started on the fumonisin-contaminated ration. Serum was collected via the cranial vena cava for measurement of albumin, total protein, total bilirubin, conjugated bilirubin, unconjugated bilirubin, aspartate aminotransferase (AST), alkaline phosphatase (ALP), y-glutamyl transpeptidase (GGT), and lactate dehydrogenase (LDH). c Pathologic examination. The pigs were euthanized and necropsied when severe clinical illness was detected or at the termination of the experiment. Pigs terminated prematurely were moribund, were vomiting blood, and/or had blood in their feces. The weights of the livers and lungs were computed as a percent of terminal body weight. Samples of heart, lung, liver, spleen, kidney, urinary bladder, esophagus, stomach, pancreas, duodenum, jejunum, ileum, colon, brain, and spinal cord were fixed in phosphate-buffered 10% formalin, sectioned at 6 µm, stained with hematoxylin and eosin, and examined histopathologically. Hepatic sections also were stained for reticulin.
Results
Clinical evaluation. Pigs remained clinically normal for the first 7 days; however, serum biochemical changes reflected hepatic insult from day 7 until termination ( Table 1 ). After 1 wk on the 190 mg/kg diet, feed intake dropped 40-60%, and 2 pigs (nos. 1,2) were depressed and icteric. The clinical condition of these 2 pigs continued to deteriorate and by day 27, blood was visible in the feces of pig no. 1 and in the vomitus of pig no. 2, necessitating their immediate euthanasia and necropsy. Pig no. 3 was moribund on day 80 and was euthanized.
Pathologic examination. At necropsy, 1 of 6 pigs (no. 2) had grossly apparent hyperplastic plaques within the distal esophageal mucosa (Fig. 1) . On histo- and hepatic lesions* in pathologic examination, 6 of 6 pigs had mild to severe and formation of papillary downgrowths of the stratum basale of the distal esophageal mucosa (Fig. 2) .
All 3 of the pigs euthanized prior to termination of the study had grossly apparent hyperkeratosis, ulceration, and hemorrhage within the pars esophagea of the stomach. Six of 6 pigs had evidence of gastric ulceration on histologic examination ( Table 2 ).
The liver : body weight ratio in 5 of 6 pigs was greater than 2 SDS from published mean values (1.75 ± 0.13%) for slaughter-weight pigs 14 and from mean values (1.72 ± 0.14%) established in our laboratory using 19 15week-old pigs of similar body weight that were free of hepatic disease. The mean liver : body weight ratio for the fumonisin-fed pigs was 2.62% (SD = 0.50). Multiple raised, tan 1-7-mm nodules were grossly apparent within the hepatic parenchyma of 2 of 3 pigs at the termination of the study (Figs. 3, 4) .
On histopathologic examination, 6 of 6 pigs had centrilobular to midzonal hepatic necrosis and diffuse vacuolation of the hepatocellular cytoplasm in the absence of biliary hyperplasia ( Table 2 ). Three of 3 pigs euthanized at the termination of the study had livers containing hyperplastic nodules of various diameters. These nodules contained either cords that were > 1 cell thick and convoluted or solid sheets and nests of hepatocytes that replaced the normal hepatic cords. The nodules contained no discernible central vein or portal triad and compressed the perilobular connective tissue and adjacent parenchyma, which was sharply demarcated from the periphery of the nodules (Fig. 5 ). Individual hepatocytes or cords within the parenchyma peripheral to the nodules often were surrounded by increased reticulin-positive connective tissue. Mitotic figures were rare, and megalocytosis was not seen.
Discussion
The carcinogenic nature of Fusarium moniliforme has been demonstrated in rats fed 4% culture material for 286 days and then 2% culture material for at least another 164 days. 12 Fusarin C and moniliformin present in the culture material may have contributed to the hepatocarcinogenic effects demonstrated in this study. A later study in rats implicated a compound other than fusarin C as the metabolite responsible for the carcinogenicity of F. moniliforme. 8 Most recently, FB, has been implicated as the compound responsible for the carcinogenic effects in rats. 2 In our study, the induction of gross nodular hyperplasia in the liver of pigs that survived 93 days suggests that FB, may be carcinogenic in a nonrodent species. Spontaneous hyper-plastic liver nodules resembling those observed in this study have been reported in 32 of 789,490 (0.004%) swine examined at slaughter. 6 Nodules from 12 of these swine were categorized as type-2 nodules, composed of 2 or more hepatocytes per cord with loss of normal The heart, lung, spleen, kidney, urinary bladder, pancreas, duodenum, jejunum, ileum, colon, brain, and spinal cord were within normal gross and histopath- lobular pattern due to expansile growth and compression of adjacent tissue. 6 Irregular proliferation of fibrous connective tissue separating convoluted hepatocyte plates was associated with type-2 nodules. 6 The nodular hyperplasia within the hepatic parenchyma of the 3 pigs euthanized at the termination of this study also resembled lesions that have been designated as neoplastic nodules in the livers of rats used in carcinogenesis studies. 17 Neoplastic nodules in the rat are composed of plates of hepatocytes > 1 cell in thickness or are replaced by sheets of cells that are sharply demarcated from surrounding liver tissue and do not contain portal triads. 17 Nodular hyperplasia is a synonym preferred by some pathologists for this lesion, which may occur spontaneously in aged WAG/ Rij strain rats. 1, 17 Carcinoma of the liver and nodular hyperplasia histologically similar to neoplastic nodule have been induced previously in rats fed corn contaminated with F. moniliforme. 1 2 Gamma-glutamyl transpeptidase is used as a marker for preneoplastic lesions in chemically induced hepatocarcinogenesis of rats, mice, and humans. 15 The GGTpositive phenotype is an advantage for cells subjected to chemical insult. 4 GGT is membrane bound, with its active site oriented on the outer surface of the cell membrane. 7 Because cells are unable to take up intact glutathione (GSH) from the serum, hydrolysis of the tripeptide by GGT provides hepatocytes with a higher level of the specific amino acids required for the intracellular synthesis of GSH. 3 Increased levels of GGT seen in many preneoplastic lesions facilitate the hydrolysis of serum GSH with subsequent transport of constituent amino acids into hepatocytes for synthesis and replenishment of intracellular GSH, giving these cells a selective advantage in the toxic environment created by chemical insult. 4 The hepatic nodular hyperplasia present in the 3 pigs euthanized at the conclusion of our experiment has characteristics suggestive of a preneoplastic lesion. Pig nos. 4 and 5 had the most severe hepatic nodular hyperplasia and a comparable elevation in GGT ( Table 1 ). The high serum activity of GGT may reflect its increased synthesis by these nodular foci.
The 7-63-fold increase in AST on day 14 of the experiment coincided with the change from a ration containing 100 mg FB 1 /kg to a ration containing 190 mg/kg on day 7. The increase in serum AST, reflecting the acute degenerative to necrotic hepatopathy, was accompanied by a corresponding reduction in feed intake. The liver's functional capacity for bilirubin excretion was similarly affected by the increased fumonisin exposure. ALP and GGT serum activities had increased to a lesser degree by day 14; however, their activities were sustained or increased during the remainder of the feeding trial.
The keratosis present in the distal portion of the esophagus, like the nodular hyperplasia in the liver, has not been reported in pigs exposed to fumonisincontaminated diets. However, both lesions have been reported in rats fed culture materia1. 8, 12 In contrast, a semipurified corn-based diet containing 50 mg of FBJ kg fed to rats for 26 months induced no lesions in the esophagus. 2 The conclusion reached in that experiment was that FB 1 was responsible for the hepatocarcinogenie and the hepatotoxic effects but not all the other toxic effects of culture material of F. moniliforme MRC 826 in rats.
Esophageal lesions were present in all 6 pigs used in the present experiment. The verified absence of other mycotoxins implicates FB 1 as the likely cause. These lesions developed more rapidly in pigs than in rats (93 days vs. 26 months) fed much higher doses of FB 1 (190 mg/kg in pig diets vs. 50 mg/kg in rat diets). Epidemiologic evidence suggests that F. moniliforme contamination of grain is associated with human esophageal cancer in Transkei, South Africa, 13, 18 and in China. 10 Data from this pilot study suggest that young swine may be a useful model to study the chronic effects of this mycotoxin in humans.
